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A STRESS CORROSION EVALUATION OF AISI - H - 1 1  ALLOY STEEL 
PLATED WITH NICKEL-CADMIUM COATING 
SUMMARY 
The mechanical p r o p e r t i e s  of AISI - H-11 a l l o y  steel b a r  specimens, 
t e n s i l e ,  "C"-ring, p l a t e d  and unplated,  s t r e s s e d  and uns t ressed ,  w e r e  
determined a f t e r  exposure t o  30, 60 and 180 days of (a) exposure t o  
t h e  atmospheric condi t ions  p reva len t  a t  t h e  Marshal l  Space F l i g h t  Center 
during t h e  months of December through June  and (b) a l t e r n a t e  immersion 
(A.Io)  t e s t i n g  i n  a 3.5 percent  N a C l  so lu t ion .  The nickel-cadmium 
p l a t i n g  o f f e r e d  s a t i s f a c t o r y  p r o t e c t i o n  a g a i n s t  stress cor ros ion  i n  both 
environments, r e s u l t i n g  i n  only two "C"-ring f a i l u r e s  and no t e n s i l e  
specimen f a i l u r e s .  Unstressed,  bare  specimens subjec ted  t o  t h e  alter- 
na te  immersion test l o s t  10, 20 and 50 percent  of t h e  o r i g i n a l  u l t ima te  
t e n s i l e  s t r e n g t h  and y i e l d  s t r e n g t h  a f t e r  30, 60 and 180 days, r e s p e c t i -  
ve ly .  The loss i n  e longat ion  (percent  i n  4D) w a s  63, 89 and 85 percent ,  
r e spec t ive ly .  
s t r e s s e d ,  f a i l e d  p r i o r  t o  36 days exposure t o  t h e  A. I .  test. 
A l l  unplated t e n s i l e  c o n t r o l  specimens, which w e r e  
Charpy V-notched impact specimens, p l a t e d  and unplated,  w e r e  a l s o  
exposed t o  t h e  t e s t i n g  environments and impact t e s t e d  a f t e r  30, 60, 
90 and 180 days of exposure. The impact s t r e n g t h  of t he  p l a t e d  spec i -  
mens w a s  unaf fec ted ;  however, t h e  bare  specimens w e r e  so corroded t h a t  
v a l i d  impact t e s t i n g  w a s  precluded. 
INTRODUCTION 
On Friday,  A p r i l  22, 1966, t he  Materials Div is ion  i n i t i a t e d  a 
f a i l u r e  a n a l y s i s  of t h r e e  1 3/8-inch diameter,  H-11 a l l o y  s c e e l  b o l t s ,  
which f a i l e d  i n  t h e  t h r u s t  s t r u c t u r e  of SAT-SIC-501 veh ic l e .  These 
b o l t s  had experienced approximately a year  of i n s t a l l a t i o n  and two 
f i r i n g s .  The t h r e e  f a i l u r e s  i n i t i a t e d  i n  the  head-to-shank f i l l e t  area 
and propagated i n t o  t h e  heads of the  b o l t s .  A f t e r  c a r e f u l  examination 
of t h e  i n s t a l l a t i o n  procedure a misalignment problem w a s  suspected. 
Addi t iona l  r e sea rch  ind ica t ed  t h e  p o s s i b i l i t y  of a f a t i g u e  environment 
coupled wi th  t h e  misalignment. The complete b o l t  system composed of 
t he  b o l t ,  lock nut ,  head washer, and t h e  PLI load  i n d i c a t i n g  washers 
w a s  i nves t iga t ed .  Compressive tests were performed on t h e  PLI washer 
system which i s  composed of two ou te r  washers and a sp inner  r i n g  which 
houses a n  inner  washer. The inne r  washer has  a g r e a t e r  th ickness  than  
t h e  sp inner  r i n g ,  and when t h e  inne r  washer i s  compressed by applying 
t h e  d e s i r e d  torque t o  t h e  b o l t ,  t he  sp inner  i n d i c a t o r  w i l l  not  t u rn ,  
Our compressive tests w e r e  made independent of t h e  b o l t  system and 
cons i s t ed  of compressing t h e  PLI washer system only.  
The test  ind ica t ed  t h a t  t h e  compressive load  t h a t  t h e  PLI washer 
system requ i r ed  t o  prevent  movement of t h e  load  i n d i c a t o r  is  163,000 
pounds. The s p e c i f i c a t i o n  guaranteed minimum compression load of t h i s  
PLI washer system i s  171,270 pounds i n d i c a t i n g  t h a t  t h e  b o l t s  d i d  not  
f a i l  by overloading. 
Addi t iona l  tests were made f o r  hardness  by sec t ion ing  and po l i sh ing  
t h e  b o l t  head. A R c  hardness of 49 e x i s t e d  i n  t h e  head and a R c  51 
hardness i n  the  head-to-shank f i l l e t  area. These hardness va lues  
correspond t o  a n  approximate s t r e n g t h  of 260,000 p s i ,  which i s  n o t  i n  
accordance wi th  t h e  s p e c i f i c a t i o n  range of 220-240 k s i .  
Frac tographic  a n a l y s i s  i nd ica t ed  a b r i t t l e  type f a i l u r e  wi th  
poss ib ly  stress cor ros ion  involved. An examination of t h e  cadmium 
f luo rbora t e  p l a t i n g  on t h e  b o l t  revea led  i n s u f f i c i e n t  p ro t ec t ion ,  
e s p e c i a l l y  i n  t h e  head-to-shank f i l l e t  area. 
The Boeing Company performed a n  independent i n v e s t i g a t i o n  which 
r e s u l t e d  i n  the  b o l t s  being s t r i p p e d  of t h e i r  cadmium f l u o r b o r a t e  
coa t ing  and rep laced  wi th  vacuum depos i ted  cadmium f o r  hydrogen em- 
b r i t t l e m e n t  purposes. They a l s o  surmised t h a t  t h e  f a i l u r e  w a s  of a 
b r i t t l e  na tu re  i n i t i a t e d  by a stress cor ros ion  crack which c rea t ed  a 
c e l l  genera t ing  hydrogen as a product of cor ros ion .  The f a i l u r e  from 
t h i s  po in t  w a s  propagated by hydrogen embri t t lement ,  according t o  
t h e i r  a n a l y s i s .  
A pub l i ca t ion  by t h e  Standard Pressed  S t e e l  Company (SPS), 
e n t i t l e d ,  "S t r e s s  Corrosion Cracking of High St rength  Bol t s ,  ( r e f .  1) 
ind ica t ed  t h a t  vacuum cadmium coat ing  o f f e r e d  the  least p r o t e c t i o n  
of any coa t ing  eva lua ted  by SPS as r e l a t e d  t o  stress corrosion.  The i r  
da t a  ind ica t ed  t h a t  e l e c t r o p l a t e d  n i c k e l  covered wi th  vacuum depos i ted  
cadmium o f f e r e d  t h e  b e s t  p ro t ec t ion .  The i r  da t a  a l s o  ind ica t ed  t h a t  
t h e  e l e c t r o p l a t i n g  process  d id  not  cause hydrogen embri t t lement .  
The SPS Company furn ished  the  Materials Divis ion wi th  t e n  f e e t  of 
one-inch diameter H-11  a l l o y  steel f o r  stress cor ros ion  tests. The 
ba r s  w e r e  machined i n t o  test specimens and r e tu rned  t o  t h e  SPS Company 
who h e a t  t r e a t e d  t h e  specimens and p l a t e d  then  wi th  t h e  e l e c t r o -  
deposi ted n i c k e l  p lus  cadmium according t o  AMs 2416. 
cor ros ion  tests w e r e  then  made by t h i s  d iv i s ion .  
Impact and stress 
2 
]LOQUIPMENT AND TEST SPECIMENS 
The equipment used i n  t h e  stress co r ros ion  test  i s  descr ibed  i n  a 
r e p o r t  by Williamson ( r e f .  2).  
r i n g  specimen conf igu ra t ions  are i l l u s t r a t e d  i n  Figures  l a  and l b  
r e spec t ive ly .  
The a c t u a l  t e n s i l e  specimens and ''(2"- 
Longitudinal  t e n s i l e  specimens (0.125 inch  diameter) ,  t r a n s v e r s e  
"C"-ring specimens (0.980 inch  diameter),  and charpy V-notched impact 
specimens were machined from t h e  annealed ba r  s tock.  The specimens 
w e r e  h e a t  t r e a t e d  as follows: 
Hardened: 1850°F f o r  1 / 2  hour and a i r  cooled 
Double Tempered: 1080°F f o r  1 1 /2  hours and a i r  cooled t o  room 
temperature 
1090°F f o r  1 1 / 2  hours and air cooled t o  room 
temperature 
One h a l f  of t h e  tes t  specimens were 
AMs 2416. 
then  nickel-cadmium p l a t e d  p e r  
The "C"-ring specimens, s t r e s s e d  by t h e  cons tan t  d e f l e c t i o n  method 
expla ined  i n  Appendix 1, were s t r e s s e d  i n  t h e  t r ansve r se  d i r e c t i o n  t o  
25, 50 and 90 percent  of t h e  0.2 percent  l ong i tud ina l  y i e l d  s t r eng th .  
One h a l f  of t h e  specimens w e r e  placed i n  a 3.5 percent  sodium ch lo r ide  
s o l u t i o n  f o r  30, 60 and 180 days of a l t e r n a t e  immersion (A.I.) t e s t i n g  
(10 minutes i n  so lu t ion ,  50 minutes above so lu t ion ) .  
of t h e  specimens were placed i n  the  M S F C atmosphere f o r  30, 60 and 
180 days of stress co r ros ion  t e s t i n g .  
and t h e  a c t u a l  composition of the  test material are presented  i n  Table I. 
The o t h e r  h a l f  
The nominal chemical composition 
RESULTS AND DISCUSSION 
The AIS1 - H - 1 1  a l l o y  steel t e n s i l e  specimens, "C"-ring specimens,. 
and charpy V-notched impact specimens, which w e r e  hea t  t r e a t e d  and 
nickel-cadmium p l a t e d  by t h e  Standard Pressed  S t e e l  Company were 
eva lua ted  . 
A stress cor ros ion  eva lua t ion  w a s  made by s t r e s s i n g  both t h e  b a r e  
and p l a t e d  "C"-ring and t e n s i l e  specimens t o  a d e f i n i t e  percentage of 
t h e  0.2 percent  l ong i tud ina l  y i e l d  s t r e n g t h  and exposing one h a l f  of 
t h e  specimens t o  a 3.5 percent  N a C l  s o l u t i o n  and exposing t h e  remaining 
3 
- h a l f  of t h e  specimens t o  the  M S F C atmosphere. 
were t e s t e d  as follows: 
These exposed specimens 
a. "C1'-ring specimens (both bare  and p la ted)  w e r e  examined d a i l y  
f o r  180 days t o  check f o r  specimen cracking o r  damage t o  t h e  coa t ing .  
b. Tens i l e  specimens (both bare  and p la ted)  w e r e  removed from the  
co r ros ive  environment and t e n s i l e  t e s t e d  a f t e r  30, 60 
exposure t o  check f o r  t e n s i l e  s t r e n g t h  d e t e r i o r a t i o n  ve r sus  t i m e  
exposure. 
and 180 days of 
c .  Charpy V-notched impact specimens (both bare  and plated)  w e r e  
removed from the  t e s t i n g  environment a f t e r  i n t e r v a l s  of 30, 60, 90 and 
180 days of exposure and impact t e s t e d .  
The t e n s i l e  test r e s u l t s  are t abu la t ed  i n  Tables  I1 and I11 and are 
presented  g raph ica l ly  i n  F igures  2 and 3 .  The "C"-ring stress co r ros ion  
test specimen conf igu ra t ion  and the  t e n s i l e  test  stress cor ros ion  spec i -  
men conf igura t ion  are i l l u s t r a t e d  i n  F igures  la  and lb .  Actual  stress 
cor ros ion  test  samples are i l l u s t r a t e d  i n  F igures  4-18. Photomicro- 
graphs are presented  i n  F igure  19. 
I n  F igure  2, t he  da t a  f o r  t he  p l a t e d  specimens, exposed t o  t h e  
M S F C atmosphere ind ica t ed  a s l i g h t  i nc rease  i n  y i e l d  s t r e n g t h  a f t e r  
60 days exposure, and a s l i g h t  decrease i n  y i e l d  s t r e n g t h  a f t e r  180 
days exposure. The e longat ion  (percent  i n  4D) i nd ica t ed  e r ra t ic  va lues  
ranging from approximately 15 percent  t o  6 percent .  
f o r  e longat ion  can poss ib ly  be a t t r i b u t e d  t o  the  small s i z e  of t h e  spec i -  
mens (0.125 inch diameter) and t h e  d i f f i c u l t y  encountered i n  measuring 
t h e  e longat ion .  
The range of va lues  
F igure  3,  i l l u s t r a t e s  t he  mechanical p r o p e r t i e s  of p l a t e d  specimens, 
exposed t o  the  3.5 percent  N a C l  a l t e r n a t e  immersion bath.  The uata 
i n d i c a t e s  a s l i g h t  i nc rease  i n  y i e l d  s t r e n g t h  a f t e r  60 days exposure,  
and a s l i g h t  decrease i n  y i e l d  s t r e n g t h  a f t e r  180 days exposure. The 
e longat ion  (percent  i n  4D) i n d i c a t e s  some scatteq ranging from approxi-  
mately 11.5 percent  t o  15 percent .  
F igure  4, shows t y p i c a l  s t r e s s e d  "C1'-ring specimens p r i o r  t o  
a l t e r n a t e  immersion t e s t i n g .  F igures  5-9 i l l u s t r a t e s  t h e  t e n s i l e  and 
"C"-ring specimens which f a i l e d  p r i o r  t o  completion of t h e  t es t .  
F igures  10-18 p i c t u r e  t h e  specimens which were exposed f o r  180 days of 
t e s t i n g  . 
Tables  I1 and 111 r ep resen t  t he  mechanical p r o p e r t i e s  of t h e  longi -  
t u d i n a l  t e n s i l e  specimens (0.125 inch diameter) a f t e r  0, 30, 60 and 
180 days exposure t o  t h e  test environment. 
Table I V  i n d i c a t e s  t h e  nickel-cadmium p l a t e d  charpy V-notched 
impact da t a  f o r  uns t ressed  specimens exposed t o  0, 30, 60 and 180 
days of exposure t o  t h e  test  environments. Unplated charpy V-notched 
specimens w e r e  so corroded t h a t  t he  notch r ad ius  w a s  no longer  v a l i d ,  
t he re fo re ,  t h i s  da t a  has  been excluded. 
Tables  V and V I  are stress cor ros ion  f a i l u r e  records  f o r  t he  test 
specimens. There w e r e  no f a i l u r e s  i n  t h e  p l a t e d  t e n s i l e  specimens o r  
t h e  "C''-ring specimens which w e r e  exposed t o  t h e  M S F C atmosphere; 
however, two f a i l u r e s  occurred i n  t h e  p l a t e d  "C"-ring specimens which 
were subjec ted  t o  the  a l t e r n a t e  immersion test. One of t hese  f a i l u r e s  
can poss ib ly  be a t t r i b u t e d  t o  t h e  damage of t h e  nickel-cadmium p l a t i n g  
( p r i o r  t o  t h e  test) when s t r e s s i n g  the  specimen. 
A l l  t h e  unplated c o n t r o l  t e n s i l e  specimens, which w e r e  s t r e s s e d ,  
f a i l e d  p r i o r  t o  36 days of A. I .  t e s t i n g .  There w a s  on ly  one specimen 
f a i l u r e  i n  the  bare  specimens ( s t r e s s e d  o r  unstressed)  exposed t o  
M S F C atmosphere exposure. 
CONCLUSION 
Based upon t h e  r e s u l t s  of t h i s  eva lua t ion ,  nickel-cadmium p l a t i n g  
pe r  AMs 2416 o f f e r s  s a t i s f a c t o r y  p ro tec t ion  a g a i n s t  stress cor ros ion  of 
AIS1 - H-11 a l l o y  steel, h e a t  t r e a t e d  t o  220-240 k s i  s t r e n g t h  range. 
5 
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APPENDIX 1 
METHOD FOR STRESSING "C"-RING STRESS CORROSION SPECIMENS 
The fol lowing i s  a procedure f o r  s t r e s s i n g  "C"-ring stress cor-  
r o s i o n  specimens: 
1. Measure wi th  a micrometer t o  the  n e a r e s t  1/1000 of a n  inch t h e  
o u t s i d e  p a r a l l e l  t o  t he  s t r e s s i n g  screw (averaging t h e  two ends of t h e  
r ing)  and t h e  w a l l  th ickness .  
2. Se t  up a t a b l e  t o  c a l c u l a t e  t he  f i n a l  diameter (ODf) requi red  
t o  g ive  the  d e s i r e d  stress using the  fol lowing equat ions:  
ODf = O D - A  
A =  f-7T.D2 
4 . E . t - Z  where A = Change of OD g iv ing  des i red  stress, inch 
f = Desired stress, p s i  
OD = Outside diameter,  inch  
t = Wall th ickness ,  inch  
D = Mean diameter (OD+), 
E = Modulus of e l a s t i c i t y  
Z = Constant ( func t ion  of r i n g  D / t )  
ODf = F i n a l  ou ts ide  diameter of s t r e s s e d  "C'-ring 
3.  To s i m p l i f y  c a l c u l a t i o n s ,  c e r t a i n  terms i n  t h e  above equat ion 
may be combined i n t o  a cons tan t  t h a t  w i l l  be a p p l i c a b l e  f o r  a group 
of r i n g s  of t h e  same a l l o y  and s i ze .  
Let  = K, a cons tan t  
7r 
Then A =  - f*D2 














CHEMICAL COMPOSITION OF SHEET AND BAR STOCK 
Copper 
SPS M-107 Spec. Limits 
Ma in 
0.38 - 0.43 
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1.20 - 1.40 
0.40 - 0.60 
0.20 - 0.40 
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MECHANICAL PROPERTIES OF NI-CAD PLATED H-11 ALLOY STEEL 
90% O F  THE 0.2% YIELD STRENGTH AND EXPOSED TO STRESS CORROSION CONDITIONS 
LONGITUDINAL TENSILE SPECIMENS (.125" D i a )  STRESSED TO 0, 50, AND 
Stressed C o n d i t i o n  
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Manual Strain = .05 i n / m i n  
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TABLE I11 
MECHANICAL PROPERTIES OF BARE H-11 ALLOY STEEL 
LONGITUDINAL TENSILE SPECIMENS (. 125" D i a )  STRESSED TO 0, 50 AND 
90% OF THE 0.2% YIELD STRENGTH AND EXPOSED TO STRESS CORROSION OONDITIONS 
Exposure S t ressed  Condition Y.S. Elongation 
Time Percent  of U.T.S. 0.2% Offse t  i n  112 Inch 






0 246.5 215.2 13.7 A s  Received 
0 221.4 194.0 5.0 A. I. 
0 198.0 174.2 1.5 A. I. 
0 *177.3 *151.2 2.0 A. I. 
0 n107.1 * 98.7 2.0 A. I. 










0 267.5 225.0 10.0 MSFC-ATM 
50 248.8 219.5 14.0 MSFC-ATM 
90 252.1 228.6 7.0 MSFC-ATM 
0 245.5 214.6 6.0 MSFC-ATM 
50 244.6 219.7 6.0 MSFC-ATM 
90 248.0 244.9 7.0 MSFC-ATM 
0 229.2 197.8 10.0 MSFC-ATM 
50 243.2 212.4 8.0 MSFC-ATM 
90 244.5 216.1 7.0 MSFC-ATM 
* Values Based on Or ig ina l  Area Due t o  Excess Corrosion of Bare Specimens 














TABLE I V  
PROPERTIES OF NICKEL-GADMIUM PLATED AISI=H-11 ALIx)Y STEEL 
CHARPY V-NOTCHED IMPACT SPECIMENS 
EXPOSED TO STRESS CORROSION CONDITIONS 
Exposure T i m e  Impact Energy Specimen Number 
Days Ft/LB Condition Environment of T e s t s  
0 10.8 Coated A s  Received 1 
30 11.25 Coated A. I. 2 
60 10.9 Coated A. I. 2 


















STRESS CORROSION FAILURE RECORD FOR H - 1 1  ALLOY STEEL C-RING SPECIMENS 
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* N.F. - No F a i l u r e  - Test Stopped A f t e r  183 Days 





























?& Specimen Coating Poss ib ly  Damaged When S t r e s s  Was app l i ed  







TABLE V I  
STRESS CORROSION FAILURE RECORD FOR H - 1 1  ALLOY STEEL 
BARE AND NIWL-CADMIUM PLATED 




















S t r e s sed  Condition 


























Other Specimens Removed From Tes t ing  Environment Af t e r  30, 60 
and 180 Days f o r  Tens i l e  Test ing.  
Resu l t s  Tabulated i n  Tables I1 and 111 
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